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Settlement and Tilt of Footings
Under Eccentric Loads
P. Nandakumaran, Senior Geotechnical Engineer
R & M Consultants, Inc. Irvine, California

K. Senathipathi, Assistant Executive Engineer
Tamil Nadu Public Works Department, Madras, India

SYNOPSIS A simple and approximate theory to obtain the settlement and tilt of footings subjected
to eccentric loading is described.
Comparison with test data on a plate and one of the existing
procedures for specific site conditions demonstrate the feasibility of the technique.
It is
concluded that when footings are subjected to vertical loads and moments, as during a seismic
event, the proposed method can be employed with advantage.

I -!TRO:XJCTTIJ ·J
Stiff framing of columns and beams in buildings
brings heavy moments on the lowest flight of
columns and heavy twisting on the foundations,
under lateral force due to earthquakes, wind,
etc.
Under these conditions, the moment induced
by the shear force at the bottom-most flight &
the vertical load are the two factors to be
considered in the design of shallow footings.
This is done by considering the case of
eccentrically loaded footings.

it is desirable that a ne\·J metho-1 be :leveloped
for predicting settlement of an eccentrlcally
loaded footing.
This method should be applicable for any site condition-be it a homogeneous or stratified substrata.
DEVELOPI1E;JT OF A METHOD
In the settlement analysis based on elastic
theories, the routine procedure would be to
determine the settlement corresponding to the
working load and to ensure that this is within
permissible limits.
If the soils were elastic,
homogeneous and isotropic, there would be no
difficulty in predicting the settlement that
would take place as a result of surface loading.
In actual practice, however, it is very difficult to predict the magnitude of settlement of
footings due to the varying nature of soil deposits. Despite this, the elastic theory is
widely used in settlement prediction~ ~~ith proper engineering judgement the estimates are
often accurate.

Footing sizes determined by allowable bearing
pressures are usually satisfactory provided
t~at
a suitable settlement analysis is made
and footing sizes revised if the analysis indicates excessive settlements. For eccentrically loaded footings, however, most of the
available procedures, except that by Prakash &
Saran (1973), consist of computation of ultimate bearing capacity only (for example Winterkern and Fang, 1975).
No method to estimate
the settlement is given and so these procedures
cannot be considered as "controlled designs"
(~overing both the aspects of factor of safety
against shear failure in the soil & settlements).

The calculation of total settlement for a centrally loaded footing using elastic theory is
described in detail in text books (for example
Lambe & \~hitman, 1969).
In the case of layered
soils the average stresses in the mid point of
the layers are often considered and the changes
in the stress distribution due to layering neglected.
The average strains in these layers
based on the measured or estimated deformation
modulus are then utilized in estimating the
total settlement.
Thus, the assumption which
is implicit here is that the case of layering
does not materially affect the stress pattern
under the loaded footing.
Under a central loading however, the stresses on horizontal planes
would be symmetrical about the axis of the load
and averaging can be done with comparable ease.
For eccentric loads the procedure can be extended if some satisfactory procedures are evolved
for computing the increase in vertical stress
at different points in the soil and for evaluating the settlement and tilt of the footings.

In the
(1973)
jected
from a

method suggested by Prakash and Saran
settlements and tilts of footings subto moments are predicted using data
standard plate bearing test under
c~ntral vertical load along with empirical relqtionships established on the basis of laboratory tests.
The ultimate bearing capacity is
determined using bearing capacity factors
given as functions of eccentricity of load &
the soil parameters.
Since the method requires
use of plate bearing test data, it is open to
criticism that the test data would be in error
if poor soil exists just below the depth of
i~fluence of the plate but within the zone of
influence of the prototype structure. Also,
the correctness of the correlations established
b~tween the behaviour of the footings under
central and eccentric loads may have to be
established by a number of tests at the site
before they can be used with confidence Thus,
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Since the assumption of direct compression of
the soil elements will considerably simplify
the approach,it is suggested that the non-uniform stresses as above, be assumed equivalent
to two UDL's one over the entire width & in
addition, a second over a width of (B-2e) where
D is the breadth of the footing and e the eccentricity of the load from the centralaxis.
For
this, the concept of equivalent area may be conveniently used from the knowledge of the UDL's
at different locations and considering that
they will be average for the layer under consideration, the strain and hence the deformation
of the layer can be computed, if the deformation
modulus E is known.
The summation of deformations for the entire
width of the footino and width of (B-el
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Sketch sho1·1ing the loading intensity
at top of footing.
PROPOSE.J ,•lE'l'HOD
For the proposed method two additional assumptions have been made, apart from those applicable for settlement prediction in the centrally
loaded case, namely l)the contact pressure distribution due to eccentric loading can be
approximated to trapezoidal distribution & 2)
the influence curves for uniform load over a
strip (for example, Kolosov) & for triangular
load over a strip (for example Polshin) can be
added to give an approximate estimation of
stresses in the soil in the working range of
loads.

Figure l.
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The procedure involved in the proposed method
may be outlined briefly in the following steps.
Reduce the eccentric loading as trapezoidal anc
further to a uniformly distributed load and a
triangular load.
After considering the soil below the footing ac
a convenient number of layers, depending upon
the accuracy desired as well as stratification,
determine the increase in vertical stresses at
the middle surface of the layers separately for
the uniformly distributed load (ql) & triangular load (q2-ql) (Fig. l) .
The increase in
vertical stresses will be non-uniform below the
footing as shown for three depths in Fig. 2.

z : ). 0
Pu _INDUCES

UNIFORM

Q

SETTLEMENT

~-Pu-INDUCES NON- UNIFORM
SETTLEMENT

Figure 2

Sketch showing the vertical stress
in~re~ents at various miJ-Je?ths of
the la¥ers
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separately will give the total settlements of
t6e layers.
However, the computation gives a
settlement pattern which is stepped due to the
assumptions.

Similarly tilt calculations were made for
various e/B ratios and the results are compared with
the test results of Saran (1969), (Fig. 4).
It
is seen that the proposed method under estimates
the tilts.

It is well known that the footing which is considered as rigid will rotate and hence be characterized by settlement accompanied by tilt.
There is thus a need to reduce the deformation
diagram to one of settlement & tilt.
The physical system indicates that from the energy
considerations, the total areas of the settlement diagrams can be kept equal.
If the soil
below the footing behaves like independent
elastic springs (Winkler's model) it follows
that the centers of gravity of the loading
diagram & the settlement diagram should be lying on the same vertical line. For the two
considerations given above, the deformation
diagram for the footing can be obtained.

Load-settlement plots obtained for different
loading intensities and e/B ratios by using
Prakash & Saran's (1973) method are drawn together with those from the proposed method in
Fig. 5.
It can be seen from this figure that
in the working load range, for e/B = 0.1, 0.2 &
0.3 the results are fairly in good agreement in
the working load range.
Tilts were also worked
out based on Prakash & Saran's (1973) method &
are plotted in Fig. 6.
Based on the above observations, it was concluded that the assumptions made in the development
of the procedure are reasonable and the method
dependable.
It has thus provided a very useful
and versatile tool to compute the settlement &
til~ of footings subjected to eccentric loads
from the consideration of a deformable base.
The layering in the soil, variation of deformation modulus etc. can readily be included in the
analysis. Where non-linearity of load-deformation of the footing is accounted for in terms of
strain-dependent deformation modulus, this
method can also be extended to compute the ultimate bearing capacity as the load given by the
intersection of tangents to the initial and
later portions of a load settlement plot.

~etailed

computation procedure for the above
can be found elsewhere (Senathipathi, 1979).
~VALUATION

OF THE PROCEDURE

Some gross assumptions have been made in the
suggested procedure regarding the increase in
stresses for computation of direct compression
and also for reduction of the resulting deformation diagram to one of tilting of the footing.
Though all these assumptions appear to be reasonable, a fair level of confidence can be
placed in the method only if the method predicts
either an observed phenomenon or it compares
favourably with time-tested methods already
available.
There is however not a single procedure with which the proposed method can be
directly compared.
The plate load test-results
reported by Saran (1969) for various eccentricities of O.OB, O.lOB, 0.20B and 0.3B (where
B is the width of the footing) & Prakash and
Saran's (1973) analytical method afford and
opportunity to see how reliable this procedure
can be.
Com12arison with the actual plate load test data:
In order to compare the proposed method with
actual test results,
the deformation modulus
was first determined by considering the plate
load data at the same site for a central vertical load (Saran, 1969).
The following
relationship was used:
s
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The results obtained by the proposed method are
compared with the actual test results of Saran
(1969) in Fig. 3. From Fig. 3, it will be
observed that e/B ratios of 0.1, 0.2 and 0.3,
the plots agree fairly well with the testresults
in the working load range.
The settlements
predicted by the proposed method are slightly
smaller, when compared with the test results.

_

2.40

where,
s = settlement
p
Load intensity
B
The width of the footing
u
Poisson's ratio
Ip
An influence Coefficient for square
footing
(Lambe, and Whitman, 1969).
E
Young's modulus
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Load verus settlement comparison between proposed method (---) and plate
load test results of Saran, (1969) (---)
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Fig. 4. Load verus tilt, comnarison between
proposeJ Ttwthod ( - - ) and nla te loa3
test results, Saran, 1969 (---).
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Fig. 6.

Load versus tilt,comparison between
proposed method (--) and Prakash &
Saran, 1973 (---).

For an alluvial substrata which invariably consist of layered soils with varying stress-strain
properties, an approximate and simple ~ethod has
been suggested for settlement predictions in the
case of shallow foundations subjected to
eccentric loading.
In the absence of any rational method for earthquake type of lading this
method is expected to be particular interest to
the design engineer.
Here the footing can be
considered as one subjected to eccentric load.

The authors would like to express their grattitue to Mr. James w. Rooney for the extremely
useful comments on the draft of the paper.
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